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Diffusion of atomic hydrogen in an atmospheric-pressure free-burning arc discharge
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Relative radial concentration profiles of atomic hydrogen in an atmospheric-pressure argon-hydrogen
free-burning 200-A arc discharge were measured using laser-induced fluorescence by two-photon excita-
tion of the ground state of atomic hydrogen. Radial profiles are presented for three axial locations. A
comparison between the measured profiles and profiles calculated using a diffusion model that considers
demixing processes is made. The measured profiles decrease less rapidly with increasing radius than the
calculated profiles, suggesting, in agreement with calculations, that the diffusion rate of atomic hydrogen
is greater than the recombination rate. Consequently, local chemical equilibrium is not maintained at

larger radii in the arc.

PACS number(s): 52.25.Fi, 51.20.+d, 51.10.+y, 52.70.—m

I. INTRODUCTION

Thermal plasmas are often composed of a mixture of
an inert gas and a molecular gas such as hydrogen, oxy-
gen, or nitrogen. When molecular species dissociate, not
only is plasma chemistry influenced, but the enthalpy of
the plasma is increased and heat transfer to particles in
the plasma or to substrates is enhanced. Diffusion due to
concentration, temperature, and pressure gradients, to-
gether with the influence of external forces, can actually
lead to a separation of the reactive atomic species from
the inert gas [1]. This can greatly alter the physical prop-
erties of the plasma.

The diffusion of gases in plasmas has been examined
theoretically by several authors using the Chapman-
Enskog method [2]. In order to model diffusion
coefficients, most authors define an equilibrium composi-
tion of the plasma. However, an equilibrium description
of the plasma as given by the Saha equation is not ap-
propriate for two-temperature plasmas. There is strong
experimental evidence that atmospheric-pressure plasmas
are not in local thermodynamic equilibrium (LTE); in
fact, the electron temperature is often significantly
greater than the heavy-particle temperature [3]. Devia-
tion from LTE could imply that the plasma also deviates
from local chemical equilibrium (LCE).

A complete understanding of diffusion in mixed-gas
plasmas requires experimentally determined species-
concentration profiles in order to validate diffusion mod-
els. Emission spectroscopy is a suitable diagnostic tech-
nique for determining species-concentration profiles if the
plasma is in LTE and optically thin. Laser-induced
fluorescence (LIF) on the other hand does not depend on
LTE to determine species-concentration profiles. Addi-
tionally, LIF can detect atoms in regions of the plasma
where the temperature is too low to excite appreciable
emission. Finally, LIF is not a line-of-sight technique
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and does not, in contrast to emission spectroscopy, re-
quire an Abel inversion of the data. Hence, a high degree
of spatial resolution is possible. A potentially serious
drawback is that LIF spectra can be quite complex if col-
lisional redistribution of the population of the laser-
excited state is significant. Furthermore, photoionization
of species in the plasma by the incident laser beam is a
possible problem, especially in multiphoton-excitation
schemes [4].

Hydrogen is one of the most common reactive gases
added to plasmas. Because of its low mass and small
atomic radius, atomic hydrogen is expected to have a
high diffusion rate. Also, the net effect of collisions
(demixing due to collision-frictional forces) is to concen-
trate the lighter species in the high temperature region of
the plasma. This has been observed in argon-hydrogen
arcs [5,6]. Verification of diffusion models might there-
fore best be accomplished by comparing predicted
ground-state atomic hydrogen density profiles with mea-
sured profiles.

Single-photon laser excitation of the ground state of
atomic hydrogen is not possible with lasers presently
available because the transitions are at vacuum-
ultraviolet wavelengths. However, multiphoton excita-
tion of ground-state atomic hydrogen is possible and has
been demonstrated in flames and plasmas [4,7]. We re-
port in this paper relative concentration profiles of atom-
ic hydrogen in an argon-hydrogen atmospheric-pressure
free-burning arc discharge determined by two-photon
laser excitation of the ground state. The measured
profiles are compared with profiles calculated using a lo-
cal chemical equilibrium model that includes the effects
of demixing [8], a diffusive process that leads to separa-
tion of the reactive and inert gases. Use of the combined
diffusion coefficient formulation [2] greatly simplifies the
treatment of demixing, and allows the different physical
processes contributing to the demixing to be identified.
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Discrepancies between the measured and calculated hy-
drogen densities in the fringe region of the arc are exam-
ined in terms of deviations from LCE due to the rapid
diffusion of atomic hydrogen.

II. THEORY OF ARC COMPOSITION

The simplest description of the composition of an arc
containing more than one chemical element is that the
relative concentration of each of the chemical elements is
constant everywhere in the arc, and that the concentra-
tions of the species containing these elements are those
calculated assuming LCE. LCE implies that the compo-
sition at any given position in the arc is that for which
the Gibbs free energy is minimized for the local tempera-
ture and the local chemical element concentrations, or
equivalently, that the composition satisfies the
Guldberg-Waage and Saha equations.

Diffusion can lead to significant variations from this
description. The relevant diffusion-driven processes can
be conveniently divided into two types, according to
whether they lead to departures from LCE. We will use
the term demixing [8,9] to describe those diffusion pro-
cesses that lead to spatial variations in the relative con-
centrations of the chemical elements within the arc, while
not causing departures from LCE. Those processes that
lead to departures from LCE occur when the diffusion
rate of a given species is large compared to the rate of
ionization, dissociation, recombination, or other chemical
reactions involving that species. Such processes generally
require steep temperature gradients. Unlike demixing,
departures from LCE due to rapid diffusion can occur in
single-element as well as multielement arcs.

Diffusion is described by the equation for the number
flux of the species i relative to the mass-average velocity
in a gas mixture containing g species [10,11]:

where v; is the diffusion velocity of species i relative to
the mass average velocity; D;; and D[ are, respectively,
ordinary and thermal diffusion coefficients; T is the tem-
perature; n and p are, respectively, the number density
and mass density; and x, n;, and m; are, respectively, the
mole fraction, number density, and mass of the jth
species. Diffusion due to gradients in the total pressure
and due to external forces is neglected in Eq. (1). In an
ionized gas, D;; and D[ are calculated so as to include
ambipolar diffusion effects [2,11].

Equation (1) can be used to describe both demixing
processes and deviations from LCE due to diffusion.
However, because of the large number of species ¢ that
occur in arcs in mixtures of gases, and since there are
qg(g—1)/2 linearly independent ordinary diffusion
coefficients and the g —1 linearly independent thermal
diffusion coefficients, such a description becomes very
complicated.

Murphy [2] has shown that in many cases, the ordinary
and thermal diffusion coefficients may be replaced by a
total of three combined diffusion coefficients, which de-
scribe the diffusion of two gases relative to one another.
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The conditions under which this can be done are that the
two gases are homonuclear and do not react with each
other, and that the concentrations of the individual
species depend only on the temperature and the relative
concentrations of the two gases. The latter condition is
satisfied when LCE exists.

The combined diffusion coefficient approach is thus ap-
propriate to treatment of demixing, but is not applicable
when diffusion rates are sufficiently large relative to reac-
tion rates that deviations from LCE occur. We will
briefly review the combined diffusion coefficient ap-
proach, and apply it to calculate the effect of demixing on
the hydrogen concentration in an arc, in Sec. II A. The
method of calculation of relative rates of diffusion and
recombination of atomic hydrogen, which may be used to
explain some of the discrepancies between the measured
and calculated profiles, will be outlined in Sec. I B.

A. Combined diffusion coefficients and demixing

The combined diffusion coefficients are defined in a
mixture of two gases, denoted A and B, by an expression
for the number flux of gas A4, of the same form as Eq. (1)
for a two-species gas:

) ¥ DT
mgD5pVxp— B4

Lo VinT, @)
P m 4

847
where mp is the average mass of the heavy species of gas
B. The bar notation is used to denote properties that are
averaged or summed over all species in a gas from those
of a single species. Murphy [2] derived expressions for
the combined diffusion coefficients, D%, D11, and DT
by combining with Egs. (1) and (2) the definition of g ,:

g4= 2 58 » 3)

where the s;’s are stoichiometric coefficients and the sum
is over all species belonging to gas A.

If the mass-average velocity is small compared to the
diffusion velocities, we can neglect convection, and the
equilibrium mole fraction gradients of the two gases may
be calculated by setting g§ , =0 in Eq. (2), giving

Vxz=—Vx,
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2
n m mpDyp

4)

A comparison of calculated diffusion rates and the con-
vective velocities predicted by numerical models of free-
burning arcs [12] indicates that it is reasonable to neglect
convection except within about 0.5 mm of the arc axis,
where convective (or mass-average) velocities reach 300
ms~ L

Murphy [9] has shown that the three diffusion
coefficients D%, DT} and DT describe demixing due to
different phenomena; respectively, demixing due to mole
fraction gradients, due to frictional or collisional forces,
and due to thermal diffusion. The classification of the
demixing phenomena was introduced by Frie and Maeck-
er [8,13]. Demixing due to mole fraction (or partial pres-
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FIG. 1. Equilibrium mole fractions in a mixture of 95% ar-
gon and 5% hydrogen by mole fraction at a pressure of 101.3
kPa, neglecting demixing effects. Species with mole fractions
less than 0.001 over the full temperature range are not shown.
The total mole fractions of argon and hydrogen include elec-
trons derived from the ionization of the respective gases.

sure) gradients occurs to minimize the gradients
Vx ,=—Vxgz. Demixing due to frictional forces occurs
due to the unbalanced collisional, or frictional, forces act-
ing on the different species, and often leads to significant
deviations from Vx ,=0. Thermal diffusion, described
by the last term in Eq. (1), can also lead to significant
demixing.

Figure 1 shows the equilibrium mole fractions of the
main species in a mixture of hydrogen and argon as a
function of temperature in the absence of demixing. Cal-
culations were performed using a code originally
developed by Svehla and McBridge [14], modified to al-
low treatment of charged species [15]. The Debye-
Hiickel correction is taken into account, but the effect of
ionization potential lowering is neglected. Calculations
for the equilibrium composition of a pure hydrogen plas-
ma show excellent agreement for temperatures up to
25000 K with the data of Patch [16], who considered
both the Debye-Hiickel correction and the effects of ion-
ization potential lowering.

It can be seen in Fig. 1 that the total hydrogen mole
fraction xp increases as the temperature increases
through the dissociation temperature of molecular hydro-
gen. In the presence of a spatial temperature gradient,
we would expect demixing due to the resulting mole frac-
tion gradient to lead to a net flux of hydrogen to the low
temperature region, in order to minimize Vxy. Figures
2(a) and 2(b) show_the combined diffusion coefficients

xei DALy and DY as a function of temperature in a
mixture of hydrogen and argon. The method of calcula-
tion of the ordinary diffusion coefficients D;; and thermal
diffusion coefficients D, in calculating the combined
diffusion coefficients, is described in the Appendix. We
note that the ratio (DX, g +DJ,)/D%, y is positive at all
temperatures below 22 500 K; hence Eq. (4) predicts a net
flux of argon to lower temperature regions and hence a
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FIG. 2. Combined diffusion coefficients for a mixture of 95%

argon and 5% hydrogen by mole fraction as a function of tem-
perature. (a) is D}, y as a function of temperature and (b) is

D1!y and DY, as a function of temperature.
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FIG. 3. Total hydrogen mole fraction in a mixture of 95%
argon and 5% hydrogen by mole fraction, calculated using the
radial temperature profile shown in Fig. 4 for 2.5 mm below the
cathode in an argon arc. Curve A is all three demixing process-
es taken into account. Curve B is only demixing due to partial
pressure gradients and thermal diffusion taken into account.
Curve C is only demixing due to partial pressure gradients taken
into account.
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FIG. 4. Radial temperature profiles of a 200-A argon arc
with a 5-mm gap determined from frequency-integrated laser
light scattering. Data are presented at axial positions of 1 mm
and 2.5 mm below the cathode.

flux of hydrogen to the higher temperature regions. This
effect is due to both frictional forces and thermal
diffusion, the former being dominant for 10000

K <T <22500 K since D4} i > D3, for this temperature

range, and the latter for 7 < 10000 K since D, is larger
at these lower temperatures.

Figure 3 shows the total hydrogen mole fraction in a
mixture of argon and hydrogen, calculated taking the
different demixing phenomena into account. The calcula-
tions use the gas temperature profile shown in Fig. 4.
These temperatures were determined in an all-argon arc
using a frequency-integrated Thomson-Rayleigh laser
light scattering technique described elsewhere [17]. The
values shown in Fig. 3 were calculated by numerically in-
tegrating Eq. (4) in one dimension, radially from the edge
of the arc to the center. The composition at the edge is
assumed to be the input or nondemixed composition.
The effect of demixing due to partial pressure gradients
only is calculated by setting DI} =D1'=0 in Eq.
(4). The effect of thermal diffusion is added by keeping
D1} =0 and giving D7 its calculated value.

Figure 3 shows, as predicted in the foregoing discus-
sion, that an increase in hydrogen mole fraction is ob-
served at low temperatures (below 4000 K in this case)
and high temperatures (above 13000 K in this case).
These increases are seen to be due to demixing due to
partial pressure gradients and thermal diffusion at low
temperatures and demixing due to frictional forces at
high temperatures.

B. Departures from LCE due to diffusion

The diffusion velocity of a given species, for example,
atomic hydrogen, in a gas mixture containing q species is
given by Eq. (1). The g ordinary diffusion coefficients and
the thermal diffusion coefficient required are calculated as
described in the Appendix.

Recombination of atomic hydrogen to form molecular
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hydrogen occurs through the three-body reaction
H+H+M—->H,+M, where M represents any third
body. The rate of recombination of atomic hydrogen to
form molecular hydrogen is given by

d[H]/dt=2k[HP[M]=—2k[H][M], (5)

where [H], for example, is the molecular concentration of
atomic hydrogen. The rate coefficient k is 7.0X 107
cm®mol 257! T(K) ™!, where T(K) is the temperature in
kelvin, for M =Ar [18]. From Eq. (5), the average life-
time of a hydrogen atom before recombination is

1

r=—[HI/@[H)/d)= 5 6)

III. EXPERIMENT

A. Multiphoton processes

There are several techniques available for multiphoton
excitation of the ground state of atomic hydrogen. These
techniques, discussed in detail elsewhere [4], are based on
either single-wavelength two-photon, two-wavelength
(2+1)-photon, or single-wavelength three-photon excita-
tion of the ground state to the n=3 or 4 level. The
fluorescence transition monitored is either the n =3 to
n=2 (H,) transition at 656.3 nm or the n=4 to n=2
(Hp) transition at 486.1 nm. The experimental setup for
two-photon excitation is considerably simpler than for
(24 1)-photon excitation. Hence, the two 205-nm excita-
tion scheme, depicted in Fig. 5, is preferred and was used
in this work.

The dependence of the two-photon fluorescence signal
on the intensity of the incident laser beam is quadratic if
the fluorescence is far from saturation and photoioniza-
tion of the laser-excited state is not significant [4]. Be-
cause of the difficulty in quantifying photoionization pro-
cesses in plasmas, it is preferable to experimentally verify
that the signal satisfies this quadratic dependence. Be-
cause the fluorescence signal is not saturated in this case,
care must be taken to assure that the laser intensity
remains constant during the course of a measurement.

The ground-state population density of atomic hydro-
gen is proportional to the product of the fluorescence sig-
nal and a quantum efficiency factor, or

n=4
n=3 ‘
* 656 nm (Hy)

n=2

205 nm

B

205 nm

n=1

FIG. 5. Partial energy-level diagram of atomic hydrogen
showing the two-photon excitation scheme.
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where A;, and A5, are the spontaneous decay rates from
the n =3 to n =2 levels and the »n =3 to n=1 levels, re-
spectively, and R is the collisional quenching rate. For
this work, argon is the predominant collision partner
with hydrogen, and we have

R=k[Ar] . (8)

In Eq. (8), the quenching rate coefficient k,, ={ov)
where o is the quenching cross section and v is the rela-
tive velocity of the excited hydrogen atom and the argon
atom.

B. Experimental setup

The 205-nm laser wavelength was generated by
frequency-tripling the 615-nm output of a neodymium-
doped yttrium aluminum garnet (Nd:YAG) pumped
pulsed-dye laser operated with sulfarhodamine dye. The
output of the Nd:YAG laser was 532 nm with a pulse
rate of 30 Hz and pulse width of 10 ns. Frequency-
tripling was accomplished using a potassium dihydrogen
phosphate (KD*P) crystal to frequency-double the funda-
mental dye laser output to 308 nm. This was followed by
mixing the dye laser fundamental and doubled frequen-
cies in a B-barium borate (BBO) crystal to generate the
205-nm wavelength. The efficiency of 205-nm wave-
length generation was increased by using a telescope to
reduce the laser beam waist by a factor of about 3 in the
BBO crystal. A half-wave plate was used to rotate the
plane of polarization of the 615-nm wavelength beam 90°
to make it parallel to the plane of polarization of the
315-nm beam to maximize mixing efficiency in the BBO
crystal. This half-wave plate was also used to adjust the
energy of the 205-nm beam by detuning the polarization
alignment. Approximately 0.9 mJ pulse ! of laser energy
was obtainable at 205 nm using a pump energy of 300

A Nd: YAG Laser

532 nm

Monochromator|

X\ /2 Plate
for 615 nm

Beam

Dum
Plasma ume

FIG. 6. Experimental schematic. WEX is a wavelength ex-
tender which is a frequency-doubling crystal of KD*P, and A /2
waveplate is a half-wave plate.

3003

mJ pulse™! at 532 nm. After the BBO crystal, a Pellin-
Broca prism separated the laser beam into its three wave-
length components. A 200-mm focal length lens focused
the 205-nm beam into the plasma. The fluorescence sig-
nal was collected by 300-mm achromatic lenses and fo-
cused at a magnification of 1 to 1 onto the entrance slit of
a 1-m focal-length monochromator with an 1800-
groovemm ! grating. The entrance and exit slits were
150 pm wide resulting in a monochromator bandwidth of
about 0.08 nm. A horizontal slit approximately 300 yum
wide was placed over the entrance slit so that only the
waist of the focused laser beam was imaged on the en-
trance slit. This greatly improved the signal-to noise ra-
tio by reducing background signal from the plasma con-
tinuum radiation. A Hamamatsu R928 photomultiplier
tube (PMT) was used to detect the fluorescence signal.
The PMT signal was integrated using a gated dual-
channel boxcar averager averaging over 30 shots of the
laser. The first channel of the boxcar averager integrated
the signal over a 50-ns gate while the second channel,
triggered about 50 ns later, integrated the plasma back-
ground over a 50-ns gate. The integrated background
level was then subtracted from the integrated signal level,
and the result digitized and stored on a computer. A
schematic of the experimental setup is given in Fig. 6.

All data were taken on a free-burning transferred
argon-hydrogen arc at atmospheric pressure operating
over a water-cooled copper anode. The nominal hydro-
gen concentrations of the gas mixtures studied were 5%
and 1% by mole fraction in argon. A gas-
chromatography analysis of these gas mixtures indicated
that the actual compositions used were 94.6% ar-
gon-6.4% hydrogen and 99% argon—1% hydrogen, re-
spectively. The diameter of the 2%-thoriated tungsten
cathode was 2.4 mm. A conical tip with an included an-
gle of 60° was ground on the end of the cathode. The
cathode-to-anode gap was 5 mm. The arc current was
200 A and the total gas flow was about 8 Imin ™.

IV. RESULTS AND DISCUSSION

While absolute concentration measurements of the
ground state of atomic hydrogen are possible with careful
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FIG. 7. Two-photon laser-induced fluorescence signal as a
function of laser energy.
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calibration of the two-photon LIF signal, for the pur-
poses of this work, only relative concentration measure-
ments were made. Figure 7 shows the relative two-
photon LIF signal strength at 656 nm of atomic hydro-
gen in the arc as a function of laser energy. The data
were taken at 2.5 mm below the cathode at a radial posi-
tion of 7 mm. At low laser energies, the relationship be-
tween the signal and laser energy is quadratic. At higher
laser energies, the signal definitely begins to saturate.
Based on this curve, all data were taken at a laser energy
of 0.4 mJ pulse ~!. It was felt that this laser energy result-
ed in a good signal-to-noise ratio while minimizing the
effects of photoionization on the signal.

We now compare the measured ground-state atomic
hydrogen concentrations with calculated distributions. It
should first be noted that the discussion of arc composi-
tion in Sec. IT A referred to all energy levels of atomic hy-
drogen, whereas in fact only the ground-state atoms are
detected in the measurements. However, we calculate
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FIG. 8. Relative ground-state atomic hydrogen density as a
function of radial position, calculated including (curve 4) and
excluding (curve B) the effects of demixing, compared with the
measured values at the axial positions of 1 mm below the
cathode. Results are given for both 5% and 1% hydrogen by
mole fraction in argon in (a) and (b), respectively. The calculat-
ed curves are normalized with respect to the peak of the mea-
sured values. The calculations used the temperature profiles
measured by laser scattering at the corresponding axial posi-
tions, shown in Fig. 4.
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that under LTE, the maximum excited atom density (i.e.,
the maximum difference between the total atomic hydro-
gen and the ground-state atomic hydrogen densities) is
about 5X10%° m™3, which is only 0.3% of the maximum
atomic hydrogen density. The calculation is based on the
fact that the internal partition function of atomic hydro-
gen under LTE conditions is almost exactly equal to 2
over the full temperature range for which its density is
not negligible [19,20].

Figures 8(a) and 8(b) and Figs. 9(a) and 9(b) compare
the measured and calculated radial profiles of the atomic
hydrogen density at 1 mm and 2.5 mm below the
cathode, respectively, for 5% and 1% hydrogen by mole
fraction in argon. Profiles calculated both neglecting and
including the effects of demixing are given for positions
1 mm and 2.5 mm below the cathode. The calculations
were based on the temperature profiles measured using
laser scattering for a 200-A argon arc, which are shown
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FIG. 9. Relative ground-state atomic hydrogen density as a
function of radial position, calculated including (curve A4 ), and
excluding (curve B) the effects of demixing, compared with the
measured values at the axial positions of 2.5 mm below the
cathode. Results are given for both 5% and 1% hydrogen by
mole fraction in argon (a) and (b), respectively. The calculated
curves are normalized with respect to the peak of the measured
values. The calculations used the temperature profiles measured
by laser scattering at the corresponding axial positions, shown
in Fig. 4.
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in Fig. 4. The measured and calculated positions of the
peak in the atomic hydrogen density differ slightly at
both positions. The discrepancies probably arise from
two effects. First, there are likely to be small differences
between the axial position used for measurements of hy-
drogen density profiles and for the temperature measure-
ments, because the measurements were performed on a
different apparatus, making it difficult to ensure that the
thermal expansion of the cathode was compensated for
equally in both measurements. Second, the measured
temperature distribution of a pure argon arc was used in
calculating the atomic hydrogen distribution. This is ex-
pected to lead to errors. The addition of hydrogen to an
argon arc will increase its thermal conductivity, and is
expected to narrow the arc column, thus decreasing the
temperature in the fringe regions of the arc. Taking this
second effect into account in the calculation of the atomic
hydrogen density profiles would decrease the radius of
the peaks, improving the agreement between the experi-
mental and calculated results. Simulations using the code
described by Lowke, Kovitya, and Schmidt [12] show
that this effect is larger further from the cathode. Figure
10 is the measured relative atomic hydrogen radial profile
4 mm below the cathode. Gas temperature data were not
possible to obtain this close to the anode because of ex-
cessive stray laser light, so calculated profiles are not
presented.

Three further discrepancies are apparent between the
measured and calculated profiles. First, the measured hy-
drogen density decreases radially towards the arc center
to almost zero within 2.5 mm of the peak. This agrees
qualitatively with similar measurements made on a free-
burning arc discharge at a pressure of 0.5 atm [21]. How-
ever, the calculated density is still approximately 50% of
its maximum value at this position. Second, the mea-
sured profile decreases much less rapidly than the calcu-
lated profile from the peak towards the arc edge. Third,
the measured profiles demonstrate secondary peaks at ra-
dii greater than 10 mm; these are not reflected in the cal-
culated profiles.

0.8 T T T M T T
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FIG. 10. Relative ground-state atomic hydrogen density as a
function of radial position measured 4 mm below the cathode.
The open squares and solid curves are for 5% and 1% hydrogen
by mole fraction in argon, respectively. Calculated profiles are
not available for this case.
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The first discrepancy can probably be explained in
terms of Stark broadening of the H, signal that is detect-
ed. The electron density in atmospheric-pressure free-
burning arc discharges is on the order of 1.5X10? m™3
in the arc column [22]. At these electron densities, the
Stark-broadened linewidth of the H, transition is about
1 nm [21,23], which is much broader than the bandwidth
of the monochromator. One cannot be certain if the lack
of a fluorescence signal in the center of the arc is because
there is not a detectable amount of atomic H present or
because only a small portion of the Stark-broadening sig-
nal overlaps with the bandwidth of the monochromator.
It is therefore meaningless to compare the measured
profile with the predicted profile in this region. The elec-
tron density decreases rapidly with increasing radial posi-
tion, and hence also the degree of Stark broadening of the
H, transition. It was verified that the linewidth of the
peak fluorescence signal was less than 0.05 nm at radial
positions greater than 5 mm.

The second discrepancy between the measured and cal-
culated atomic hydrogen density profiles may be attribut-
ed to the large diffusion rate of atomic hydrogen relative
to the rate of recombination to form molecular hydrogen.
Figure 11(a) shows as a function of radius the diffusion
distance dy of atomic hydrogen before recombination,
defined as the absolute value of the product of the
diffusion velocity vy and the lifetime 7 before recombina-
tion of atomic hydrogen. Plots of vy and 7 as a function
of radius are presented in Figs. 11(b) and 11(c), respec-
tively. Note that dy is zero at the cusps in Fig. 11(a),
since vy passes through zero at these radii. Atomic hy-
drogen diffuses inwards at radii between the cusps, and
outwards elsewhere. The mole fraction gradients used in
Eq. (1) to calculate the diffusion velocity are derived from
the temperature profile shown in Fig. 4 assuming an LCE
composition.

The diffusion velocity is very large, and directed radial-
ly outward, at radii greater than that of the peak in the
atomic hydrogen density ny. In this region, the dom-
inant diffusion mechanism is ordinary diffusion, with the
terms in Dy A, Vx,, and DH’H2 VxH2 being the largest in

Eq. (1). In the temperature range 5000 to 8000 K, corre-
sponding to radii less than that of the peak in ny, the
mole fraction gradients of all species are small [see Fig.
(1)] and thermal diffusion dominates. In this region, vy is
directed toward the arc axis. At still smaller radii, atom-
ic hydrogen again diffuses outward, with the ordinary
diffusion terms DH' A+ VX, + and DH,H+ VxH,H+ dom-
inating. Note that in this region, ionization reactions will
decrease the diffusion distance of atomic hydrogen below
that given by dy;.

It can be seen that in the fringe regions the diffusion
distance is very large compared to the dimensions of the
arc, which indicates that an LCE composition will not be
maintained in these regions. Since the direction of the
diffusion is toward larger radii, an anomalously large
atomic hydrogen concentration is expected at the edge of
the arc.

Figure 11(a) indicates that dy increases rapidly to very
large values at large radii. Note, however, that dy is cal-
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FIG. 11. Calculated radial dependence of (a) the absolute
value of the diffusion distance, (b) the radial diffusion velocity,
and (c) the recombination time of atomic hydrogen in mixtures
of 5% (solid line) and 1% (dotted line) hydrogen in argon by
mole fraction at axial positions of 1 mm and 2.5 mm below the
cathode. The calculations used the temperature profiles shown
in Fig. 4. The radial diffusion velocity is defined to be positive
when directed toward the edge of the arc.

culated assuming an LCE composition. The diffusion
time 7 is approximately inversely related to the atomic
hydrogen density, and vy is similarly inversely related
through ny and also through the gradient terms VxH2

and Vx, ., which decrease when Vxy increases. Hence,

SNYDER, MURPHY, HOFELDT, AND REYNOLDS 52

an increase in the density of atomic hydrogen above the
LCE value will strongly decrease the diffusion distance
dy. Thus, recombination will dominate over diffusion at
sufficiently large radii.

It is further worth noting that the rapid diffusion of
atomic hydrogen cannot move the position of the peak in
atomic hydrogen density to a larger radius than that cal-
culated assuming the existence of LCE. This is because
the position of the peak in ny is determined by the equi-
librium chemistry, occurring at that temperature at
which recombination of atomic hydrogen is in equilibri-
um with the dissociation of molecular hydrogen. At
larger radii, no matter how large the diffusion flux of
atomic hydrogen, the dominance of recombination reac-
tions will cause a decrease in ny. In fact, a large
diffusion flux of atomic hydrogen can, counterintuitively,
lead to the peak in ny being shifted to a smaller radius,
since an increase in ny increases the temperature at
which recombination and dissociation reactions are in
equilibrium. This effect is, however, relatively small,
since the equilibrium temperature only increases from
3940 to 4390 K when the mole fraction of atomic hydro-
gen is increased from 0.05 to 0.50.

The final discrepancy, the occurrence of secondary
peaks in the measured atomic hydrogen density at large
radii, is more difficult to explain. The temperature at the
position of the peaks is less than 1000 K according to
Fig. 4; this is well below the dissociation temperature of
molecular hydrogen. One possibility that the peaks were
due to photodissociation of molecular hydrogen due to
the laser beam was considered, but the peaks disappeared
when the arc was extinguished. The fact that the peaks
occur at smaller radii at axial positions closer to the
cathode suggests that they may be due to a nonideality in
the flux coming from the nozzle. Another possibility, re-
circulation of hot gas upward away from the anode,
seems unlikely because significant upward velocities are
not predicted by numerical models of free-burning arcs
such as that described by Lowke, Kovitya, and Schmidt
[12].

In the above discussion, collisional effects on the mea-
sured fluorescence signals were not considered. Only the
H,, transition was observed indicating collisional redistri-
bution of the population of the laser-excited state to
higher states was not significant. However, the effect of
collisional quenching to lower states is significant, and its
effect on the measured relative concentration profiles can
be estimated as follows. The quenching rate coefficient
k s, for atomic hydrogen in the n =3 state colliding with
argon has been measured at room temperature to be
4.6X1079 m3s™! [24]. The collisional quenching cross
section is assumed to be constant over the temperature
range of interest in this experiment (300 to 9000 K).
Consequently, the collisional quenching rate given by Eq.
(8) is proportional to T""!/2, Using Eq. (7) and the data
of Figs. 1 and 4, the measured fluorescence signals can be
corrected to include the effects of collisional quenching.
The corrected fluorescence signals are compared to the
measured signals for the 95% argon—-5% hydrogen gas
mixture at 1 mm and 2.5 mm below the cathode in Figs.
12(a) and 12(b), respectively. Since argon is the primary
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FIG. 12. A comparison of the raw relative fluorescence sig-
nals as a function of radial position with signals corrected for
collisional quenching. The open squares are the raw signal
values and the solid circles are the corrected signal values. The
data were taken at (a) 1 mm below the cathode and (b) 2.5 mm
below the cathode in a 95% argon—-5% hydrogen gas mixture.

collision partner with hydrogen, the effect of collisional
quenching on the measured fluorescence signals for the
99% argon—1% hydrogen gas mixture data should be
similar to the 95% argon-5% hydrogen gas mixture
case. Accounting for collisional quenching significantly
increases the magnitude of the relative fluorescence sig-
nal. However, for the purposes of this work, the shape of
the relative hydrogen concentration profile is of greater
interest. The primary peaks of the hydrogen concentra-
tion occur at somewhat larger radial positions in the
corrected profiles, strengthening our original observation
that the diffusion rate of atomic hydrogen is greater than
the recombination rate. The most interesting feature of
the corrected profiles is a notable enhancement of the
secondary peaks observed in the fringe region. The cause
of these peaks becomes even more intriguing, and certain-
ly warrants further investigation.

V. CONCLUSIONS

Diffusion processes in an atmospheric-pressure argon-
hydrogen arc discharge were studied using two-photon
laser-induced fluorescence to determine relative radial
concentration profiles of the ground state of atomic hy-
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2 04 r z elements, but not to deviations from LCE. Using the
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= 0.2r & gen concentration in the arc column. Unfortunately, it
0.1} 3 was not possible to test this prediction using the experi-
mental data, since Stark broadening of the H, emission in
0'0_15 the arc column meant that the atomic hydrogen density
could not be measured with any accuracy in this region.
The measured profiles of atomic hydrogen density were
0.8 . . . . —— 50 found to decrease less rapidly with increasing radius at
| temperatures below the recombination temperature of
0.7 (b) . atomic hydrogen than predicted by calculations based on
—~06 ' ﬂ"'o *-"gl LCE. The discrepancy was explained by demonstrating
T N T = that the diffusion rate of atomic hydrogen is larger than
2057 ? 430 = its recombination rate in this region. It may be conclud-
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& 0. J \ l 4 8 gen.
= Il 1 o
=02 I i \ 140 §
0.1 / i / S ACKNOWLEDGMENTS
0.0 g This work was supported by the U.S. Department of

Energy, Office of Energy Research, Office of Basic Ener-
gy Sciences, under DOE Operations Office, Idaho, Con-
tract No. DE-AC07-94ID13223.

APPENDIX: CALCULATION
OF DIFFUSION COEFFICIENTS

The diffusion coefficients D;; and D;” defined by Eq. (1)
were calculated using the Chapman-Enskog method
[10,11,25]. They were obtained by solving sets of coupled
linear equations, the terms of which are functions of the
number densities and masses of the species and of col-
lision integrals Qﬁ-}-'” of each pair of species i and j.

The collision integrals are given by

(o) — 41+1)
o oms+[20+1—(—1)]

o __,2
x [ Te 'y ey (A1)
where y2=ug?/2kT, u and g being, respectively, the re-
duced mass and the relative speed of species i and j, and
where Q,-(j’ Y(g) are the gas-kinetic cross sections, given by

0if(g)=2m [ “(1—cosx)bdb . (A2)

Here b is the impact parameter and Y is the deflection an-
gle, which is a function of b, g, and the intermolecular
potential ¥V(r), r being the separation of the interacting
particles [10,26].

Diffusion coefficients were calculated to a second-order
approximation, i.e., retaining two terms in the finite
Sonine polynomial used in the Chapman-Enskog method.
This required the calculation of the collision integrals
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with (l,s)=(1,1), (1,2), (1,3), and (2,2). Collisions be-
tween all important species, i.e., Ar, Art, Ar*t, Ar®T,
H,, H, H, H", and H™, were considered. The collision
integrals were calculated either by numerical integration
of experimental data for the momentum-transfer cross
section Q,-(j”(g) using Eq. (A1), or from published inter-
molecular potentials using Eqs. (Al) and (A2).
Momentum-transfer cross sections were obtained from
published tabulations or from charge-exchange cross sec-
tion, Q.,, data using the relation Q'”(g)=2Q,., [27].
Collision integrals were obtained from intermolecular po-
tentials using the data of Monchick [28] for exponential
repulsive potentials, Brokaw [29] for exponential attrac-
tive potentials, Kihara, Taylor, and Hirschfelder [30] for
inverse power potentials, including polarization poten-
tials, and Mason, Munn, and Smith [31] for the screened
Coulomb potential, numerical integration using the
method of Barker, Fock, and Smith [32] was used for all
other potentials.

The intermolecular potentials and momentum-transfer
cross-section data for the Ar-Ar, Ar*-Ar, and e-Ar in-
teractions were those used by Murphy and Arundell [33].
For the H,-H,, H-H, Ar-H, Ar"-H, H*-H, and e-H in-
teractions the data selected by Aubreton and Fauchais
[34] were employed. The H,-H interaction was described
using the potential tabulated by Boothroyd et al. [35],
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and the H,-Ar interaction by the Morse—spline—van der
Waals potential given by Dunker and Gordon [36].

The /=1 collision integrals for the H*-H,, H; -Ar,
and Ar'-H, interactions were calculated from the
momentum-transfer and charge-exchange cross sections
given by Phelps [37,38]; the corresponding integrals for
the H -H, interaction were calculated from the charge-
exchange cross section given by Vance and Bailey [39].
The [ =s=2 collision integrals for all these interactions,
and all collision integrals for the HY -H and H -H in-
teractions, were calculated using the polarization poten-
tial (an inverse power potential given, for example, by
Murphy and Arundell [33]). An exponential repulsive
potential fitted to the data of Stark and Meyer [40] and
the modified Morse potential of Kuntz and Roach [41]
were used for the H -H, and the H'-Ar interactions, re-
spectively.

The momentum-transfer cross-section data selected by
Itikawa [42], supplemented at low energies by the data of
Crompton et al. [43], were used for the e-H, interaction.
Collision integrals for interactions between charged
species were calculated using the screened Coulomb po-
tential [31], the screening distance being set equal to the
Debye radius. The calculation of collision integrals in
ionized gases is discussed in greater detail in many publi-
cations [33,34,44].
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